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Abstract

The secondary dissociation dynamics of the methylsulfonyl radica following the photodissociation near
193 nm of methylsulfonyl chloride and methylsulfonyl ethanol have been sudied using femtosecond
mass-resolved photoionization spectroscopy. The primary dissociation is instrument-limited (<200 f9)
for both precursors. The methylsulfonyl unimolecular dissociation is measured to have alifetime of 0.34
ps with complete secondary dissociation following methylsulfonyl chloride photolyss. For the case of
methylsulfonyl ethanol, the measured lifetimeis 1.1 ps and ~40% of the radica remains undissociated
for the 18 ps duration of the experiment. We have successfully modeled the experimentd results
assuming an impulsve dissociaion process to yidd the interna energy digtributions in the primary
photoproducts and RRKM calculations based on structures and energetics of the methylsulfonyl radica

obtained from the literature.



Introduction

Dimethyl sulfide, released by marine biota, is the largest natural component of the globd sulfur flux.*
Its subsequent atmospheric oxidation by OH and NO; leads, in part, to products that can produce new
aulfate particles which act as cloud condensation nuclel. A globa mechanism for dimethyl sulfide
oxidation was developed from a condderation of the available kinetic and mechanistic information by
Yinetd.in1990.2 The sdient feature of this mechanism is a series of oxidation steps that proceed
toward a branching between methane sulfonic acid, CH,SO;H, and sulfate, SO, 2. Measurements of
the product ratios as a function of latitude indicate thet this branching is very temperature dependent.
Barone et a.® suggested that the competition between the therma decomposition of adducts such as
methylsulfonyl radica, CH;SO,, and their bimolecular reactions with atmospheric species could be the
source of the strong temperature dependence of the observed branching. They reasoned that the
bimolecular reactions are relaively temperature independent while the unimolecular decompositions
have large activation energies and thus steep temperature dependencies. Branching controlled by the
ratio of these processes would be strongly temperature dependent. Sdltelli and Hjorthf* also discussed
the importance of CH,;SO, to the branching rtio.

There have been a number of theoretical™® and experimenta”° investigations of the methylsulfonyl
radica over the past fifteen years. Davis® used SCF, MP2 and M P4 calculations to determine the
geometries and reative energies of methylsulfonyl and its oxygen-bonded isomer methoxysulfinyl,
CH,0S0, which he found to be about 10 kcal mol™ more stable. Laskso et a.® did smilar
caculations on the species HSO, and HOSO, HSOO and HOOS and used these results to derive

energetics for CH,;SO, and CH,0SO. Recently, Frank and Turecek” and Kukui et d.8 reported



detalled cdculations of the structure and energetics of both the methylsulfonyl radical and the trangtion
state dong the path to dissociation to CH; + SO,. This dlowed them to use RRKM theory to caculate
kinetic parameters for the reverse addition of CH; + SO, and, with some assumptions about collisond
effidendes, the unimolecular lifetime of methylsulfonyl.

The lifetime toward unimolecular dissociation of the methylsulfonyl radical has been measured ina
low-pressure discharge-flow study™® and with a pair of discharge-flow and pulsed laser photolysis
systems spanning the pressure range 1 to 600 Torr® by Le Bras and co-workers. Neither system
represented a direct measurement of the lifetime. Sequentia formation and destruction reactions were
important and rate constants were derived from mode fits to observed profiles of species such as
CH;S, CH;0, and SO,. Inther first paper, this group reported a decay ratein 1 Torr He of 510 £
150 st. Inthelaer paper, with more constraining observations and a more complete modd, they were
able to place an upper limit of 100 s* on the rate under the same condiitions.

In view of the importance of the rate of the unimolecular dissociation, we attempted to directly
measure the decay of photolyss-produced methylsulfonyl using cavity ring-down absorption
spectroscopy near 350 nm, where the peak of the CH;SO, liquid-phase absorption has been observed
by Chatgilidoglu et d.° This method of measuring unimolecular dissociation rates is away's susceptible
to errors arigng from the resdud internd energy of theradicdl. If the decay rate is at the high end of
that determined by the indirect sudies, the thermalization time and decomposition time are close and the
results are difficult to interpret unambiguoudy. The photolys's precursor must be carefully chosen to
minimize resdua interna energy in the product radicd. In fact, we were never able to observe

absorption attributable to CH;SO, when we used methylsulfonyl chloride, CH;SO,Cl (MSC), asthe

4



photolytic precursor.

In order to sort out the photolysis dynamics of MSC and resolve the question of its suitability asa
precursor for CH,;SO,, we have undertaken an ultrafast product study of the dissociation of both MSC
and methanesulfonyl ethanol, CH,SO,EtOH (M SE), using photoionization as a direct probe of
CH,;S0,. We have previoudy shown for the case of acetyl radica photoproduct from acetone!* and
other precursors'? that ultrafast photodissociation studies with photoionization detection have grest
utility for determining product channds and unimolecular decomposition rates of radicals and, based on
these, inferring details about the statistical nature of the dissociation. 1n this paper we report
mesasurements of the prompt dissociation lifetime and undissociated fraction of methylsulfonyl redica
following photolysis near 193 nm of two likely precursors for the radicd. Using the previoudy
caculated structures and energetics of the radical, we infer details of the dissociation dynamics.
Experimental

The gpparatus for measuring mass-resolved ultrafast photoionization has been described
previoudy™ so only abrief account will be presented here. It consists of a Ti:Sgpphire regeneratively
amplified laser system (Positive Light Spitfire pumped by a Merlin and seeded by a Clark oscillator
pumped by a Spectra-Physics Millenia) for generating - 120 fs, 0.5 mJ pulsesnear 780 nmand at a3
kHz repetition rate. The degp UV pump (195 nm) and near UV (260 nm) probe pulses are generated
by three successive stages of nonlinear mixing usng BBO. The degp UV and near UV pulse energies
are gpproximately 3 mjJ and 10 my, respectively. The collinear pump and probe pulses are focused with
a25-cm focd length lensinto a chamber in which the sample gasis dowly flowed at a pressure of

about 5x10° Torr. Photoions are mass resolved using a quadrupole mass spectrometer. The probe



beam is chopped a one-hdf the laser repetition rate of the laser and the detected photoion current is
measured with alock-in amplifier. No photoion current is detected in the absence of the pump beam.
Tempord delay between the pulsesis controlled with a motorized trandation stage on the probe beam.
The indrumentd time resolution is — 350 fs as determined by photoionization signals measured for
rapidly dissociating gases, such as dichloroethylene.

Absorption spectrawere measured in a 10 cm long cell under static conditions with pressures near
1 Torr. Methylsulfonyl chloride and methylsulfonyl ethanol were used as received from Aldrich.
Results and Discussion

Conventiona absorption spectra were measured for both MSC and MSE, Figure 1, primarily to
optimize the excitation wavelength. The spectra indicate that the M SC absorption starts around 250
nm and gradudly increases to about 600 Mcn* a 195 nm. This agrees with the published spectrum
inthisregion by Kozlowski et d.* MSE, on the other hand, exhibits amuch sharper and somewhat
shorter wavelength absorption onset at 195 nm. At 194 nm the extinction of MSC is about twice that
of MSE. Consequently, the ultrafast photoionization studies were carried out with the pump
wavelength a 196 nm for MSC and at 194 nm for MSE.

The primary results of this study are the photoionization curves measured for MSC and MSE. Our
focus will be on the secondary dissociation dynamics for methylsulfonyl, but decay times were dso
measured for the parent molecules. The decay curves (not shown) for detecting the parent/precursor
photoions (at M/Z=114 for MSC and M/Z=124 for MSE) are both instrument-limited (<200 fs).
These results indicate very short parent excited State lifetimesin both cases.

The photoionization curves obtained by detecting the methylsulfonyl photoion (M/Z=79) are shown



in Figure 2 for MSC and Figure 3 for MSE for deep UV excitation (near 195 nm) and UV probe (near
260 nm). The sgndsreflect the time dependence of the secondary dissociation, corresponding to the
unimolecular dissociation of the methylsulfonyl radicd intermediate. On thetime scde of interest (-1
ps) and for the pressures used, there are no changesin the internd energy of the intermediate. The
sgnals are well described by single exponentia decays (plus a persastent component for MSE). The
ionization potentia for methylsulfonyl has been reported to be 8.67 eV.*  Since the probe photons
(260 nm) have an energy of 4.77 eV, the agndsfor methylsulfonyl are likely due to a one photon
pump and two photon probe process. The decay times derived are 0.34 psfor MSC and 1.1 psfor
MSE. The curves dso indicate that while there is no undissociated methylsulfonyl (<2%) from the
MSC photodissociation, there is ~40% undissociated methylsulfonyl from MSE on the time scale of the
experiment (18 ps). Thereis no evidence of any other contribution to the sgnals, such asfrom
dissociative ionization of the parent ion. Also, in this case, Snce the secondary dissociation rateis
longer than the parent photodissociation rate, signal due to dissociative ionization of the parent does not
complicate the analysis.

One god of this study isto search for a photolytic precursor which produces stable methylsulfonyl.
Upon inspection of the photoionization curvesin Figures 2 and 3 it is evident that after 18 ps about haf
the methylsulfonyl produced from photodissociation of M SE remains undissociated while noneis
observed for MSC. The decay time of methylsulfonyl from MSE islonger than 18 psbut it may be
shorter than what isrequired for aunimolecular or bimolecular reaction experiment. Thisis unlikely
however. RRKM caculations by Kukui et a.® show that methylsulfonyl radicals produced below the

barrier to dissociation collisondly thermaize.



The relative amounts of undissociated methylsulfonyl are what one might expect. Inthe MSC
photodissociation the companion fragment to methylsulfonyl is an aom so that al the interna energy
resdesin the methylsulfonyl radicd. In the case of MSE, the EtOH fragment can carry away some if
not more interna energy than methylsulfonyl, assuming the same type of primary energy partitioning in
both cases. A lower methylsulfonyl internd energy distribution produced from M SE yidds alarger
fraction below the methylsulfonyl dissociation barrier.

In order to evauate a possible mechanism for the primary and secondary dissociationsin the
photodissociation of MSC and M SE, the observed methylsulfonyl dissociation rates and fractiond
dissociations will be compared to calculated values. There are no experimenta product studies of the
photodissociation of MSC or M SE that would provide information on the primary dissociation energy
partitioning. Consequently, a measurement of the methylsulfonyl dissociation rate k. (methylsulfonyl) is
not sufficient to determine the nature of the methylsulfonyl unimolecular dissociation, i.e., without
information on the methylsulfonyl internd energy, the k., (methylsulfonyl) cannot be interpreted to
indicate whether the dissociation is Satisticd or not. Nevertheless, as a sarting point, we have
caculated methylsulfonyl dissociation rates based on assumed, limiting case energy partitioning and
RRKM mode unimolecular dissociation.

In order to caculate the methylsulfonyl dissociation rate, the bond dissociation energy (BDE) is
needed to obtain the available energy (E,,). The methylsulfonyl internd energy ditribution is obtained
by assuming an impulsive mode for the primary dissociation energy partitioning. RRKM caculations
are performed for the radical using the results of calculations for the dissociation barrier and vibrationa

frequencies and Structures for the ground and trangtion states of methylsulfonyl.



The bond dissociation energy for MSC has been reported as 70 + 3 kcal/mole by Chatgilialoglu et
d.** Usingthisvaue, E,, (= hn - BDE) for MSC is 75.8 kca/mole. Chatgilidoglu et d.*° have dso
investigated a series of subgtituted sulfonyl chlorides (dkyls and aryls) and found very smilar BDE's.
Although the subdtitution is not the same for MSE, we have assumed the same BDE for M SE resulting
inak,, of 77.3 kca/mole.

Theinternd energy of the methylsulfonyl redica intermediate depends on the energy partitioning in
the primary dissociation. In the absence of an experimentad determination of this partitioning and the
methylsulfonyl internal energy, we have used an impulsive modd,*® which favors trandationa energy,
and a gtatistical/prior model,*” which predicts more interna energy. Theimpulsive model predicts that
for MSC, 31.1% (23.5 kcal/mole) of E,, is partitioned into the interna energy of methylsulfonyl and for
MSE, 16.2% (12.5 kca/mole). The prior modd on the other hand, predicts the methylsulfonyl internal
energy to be 66 kcal/mole for MSC and 34 kcal/mole for MSE. These models yield average energies
for trandaiond and internd energies; amore redidtic trestment is to generate a distribution function for
the internd energy. One gpproach that has been used previoudy in severd studies of acetyl
cyanide>!8 isto modd theinternd energy distribution r (E) of the intermediate as a binomia function

of theform,
r(E,)=[E. - Epw- Ei:XIE/E,)*Q- E/E,,)"
where E,,s iISthe total average trandationa energy and E(X) isthe average internd energy for the

companion fragment (Cl for MSC, for which E,;(X)=0, and CH,CH,OH for MSE). The exponents

are chosen to normalize the function. The calculated D(E; ;) for methylsulfonyl based on an impulsve



mode partitioning for MSC and MSE are shown in Figure 4. These distributions can then be used to
cdculate the fraction of undissociated methylsulfonyl as well asto calculate the distribution-averaged
RRKM réte.

Given the methylsulfonyl internd energy based on the partitioning modes, the methylsulfonyl
unimolecular RRKM dissociation rates (Kgriw(E)) Were calculated with the UNIMOL program'® using
caculated molecular parameters, such asthe barrier and ground and transition state vibrationa
frequencies. The energetics for the methylsulfonyl dissociation have been caculated by Davis® & the
MP2 leve for both the ground and transition states and by Frank and Turecek (MP2 and B3LYP).’
The cdculdions are in rlatively good agreement, indicating a dissociation energy of about 14 kca/mole
and a 1-1.5 kcal/mole barrier to recombination. The latter is similar to the recombination barrier of 1.5
kcal/mole measured by Good and Thynne?® Structures and vibrationa frequencies for the ground and
transition states were also reported by Davis® and Frank and Turecek.” For the RRKM calculations
we used the results of Frank and Turecek for structures and vibrationd frequencies and a dissociation
barrier of 14.4 kcal/mole. The barrier (E.,) and caculated r (E) permit the fraction of undissociated
methylsulfonyl from MSC and M SE to be caculated from

Ir (E<14.4 kcad/mole)/Ir (E) .
The results of the impulsve partitioning mode arelisted in Tablel. The prior modd predicts no
undissociated methylsulfonyl. Frank and Turecek’” aso reported calculated RRKM rates for the
methylsulfonyl dissociation and, as expected, the rates we obtain are very smilar to theirs. The
calculated rates kgrm(E) are plotted in Figure 4. Aswe described in previous work,*? the distribution

averaged rate <k> can be caculated in a manner that includes the interna energy-dependent rate using
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<k>= <k(E)r (E)>. Thisisa better gpproximation than smply consdering the rate at the average
internd energy (k(<E>),for E>E,,). The distribution averaged rate, <k(E)r (E)>, yidds resultsthet are
subgtantidly closer to the explicit sum of exponentids at each energy. For methylsulfonyl in the internd
energy range appropriate to the present case, the rate caculated by <k(E)r (E)> is 2-3 times faster
than k(<E>), as can be seenin Figure 4.

The observed and cal culated dissociation rates and undissociated fraction are presented in Table |
for the cdculations based on the impulsve modd for primary energy partitioning. Also included are the
cdculated average internd energies, both for the entire distribution and for the part that is above the
barrier. The calculated vaues are very close to those observed, especidly for the rate and the fraction
undissociated for MSE.  In contrast, aprior model for the primary dissociation is very different than the
observed results. The prior predicts no undissociated methylsulfonyl and dissociation rates that are
much too fast. For MSC and MSE, <E,;> = 66 and 34 kcal/mole, corresponding to unimolecular
RRKM lifetimes of 22 and 240 fs, which are much faster than the observed rates.

The impulgve partitioning ca culations agree with the observed vaues within 20% except for the
fraction undissociated of methylsulfonyl from MSC. These results may aso reflect the uncertainty in the
BDE, which propagates to about 5% in the fractiond dissociation and 15% in the calculated rate; other
uncertainties in the cadculations include those in the barrier height and ab initio parameters used in the
RRKM cdculations. Alternatively, this might be explained by amethylsulfonyl internd energy
digtribution narrower than the one generated by the caculations. Since a substantid fraction of the
methylsulfonyl radicd from MSE is undissociated, we have some information about the methylsulfonyl

internd energy didribution. Since dmogt haf the methylsulfonyl radicas remain intact and if the

11



digtribution is not too asymmetric, the center or average should be close to the barrier energy, which is
the case for the calculated <E>. The caculations suggest our results for the photodissociation of MSC
and MSE are congstent with a primary energy partitioning followed by a gatisticd RRKM type
unimolecular dissociaion of methylsulfonyl. However, without an experimenta determination of the
primary partitioning and the interna energy of methylsulfonyl, these observed rates could be dueto
various combinations of primary and secondary dissociation mechanisms.

Unimolecular sudies have recently been carried out for smilar Szed molecules and rardly are the
results compatible with smple limiting case partitioning and satistica intermediate unimolecular
dissociation. It does appear that there is a higher propengty for statistica unimolecular behavior for
intermediates formed from prompt/direct primary dissociation (such as observed for acetyl cyanide and
acetic acid)? than for those produced by predissociation (such as for acetyl from the 3s Rydberg state
of acetone),** dthough in none of these casesis the primary energy partitioning well-described by the
impulsve modd. The molecular behavior may conform to a Smple modd when the companion
fragment isample, eg., an atom asfor MSC. In the present case, however, the more complicated
molecule, MSE, agrees better with the smple impulsve caculaion in not only the rate but dso the
fraction undissociated.

Summary

We have studied the photodissociation dynamics of MSC and MSE with particular attention to the
secondary dissociation of the methylsulfonyl radical. We have shown that M SE photodissociation at
193 nm, where the absorption islarge, results in about 40% undissociated methylsulfonyl on the

timescale of our experiment (18 ps). Thus, MSE photodissociation is a good candidate for the
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production of methylsulfonyl for kinetic sudies.

Of course, the unknown of primary importance in amospheric moddsis the unimolecular lifetime of
methylsulfonyl at ambient aamospheric conditions. Thisisavery difficult rate to measure directly. It can
be obtained from indirect studies such as those reported by Le Bras and co-workers®° or derived
from modeling studies. The results reported here can be used to vaidate such modds. We have
determined a decay rate and undissociated fraction of methylsulfonyl produced from two photolytic
precursors. If the trandational energy of the Cl partner from MSC photodissociation were known, a
better estimate of the methylsulfonyl internd energy would alow a more rigorous test of the RRKM
rates derived from the calculated structures and energetics. Similarly, a better understanding of the
product energy distributions in M SE photodissociation would be useful.

Acknowledgments

Thiswork was supported by the Office of Naval Research through the Nava Research
Laboratory. We thank Paul Marshall for providing us the results of his RRKM cdculations for
comparison and Louise Pasternack and Nancy Garland for many hepful discussons of the amospheric

problem.

13



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Seinfeld, J. H. and Pandis, S. N. Atmospheric Chemistry and Physics: From Air Pollution to
Climate Change; John Wiley and Sons, Inc.:New Y ork, 1998.

Yin, F., Grogean, D., and Seinfeld, JH. J. Atmos. Chem. 1990, 11, 309.

Barone, S. B., Turnipseed, A. A., and Ravishankara, A. R. Farady Discuss. 1995, 100, 39.
Stdli, A. and Hjorth, J. J. Atmospher. Chem. 1995, 21, 187.

Davis, S. R. J. Phys. Chem. 1993, 97, 7535.

Laakso, D., Smith, C. E., Gourmri, A., Rocha, J}D. R., and Marshdl, P Chem. Phys. Lett.,
1994, 227, 377.

Frank, A. J. and Turecek, F. J. Phys. Chem. A, 1999, 103, 5348.

Kukui, A., Bossoutrot, V., Laverdet, G., and Le Bras, G. J. Phys. Chem. A, 2000, 104, 935.
Chatgilidoglu, C., Griller, D. and Guerra, M. J. Phys. Chem, 1987, 97, 3747.

Ray, A., Vassdlli, |., Laverdet, G. and Le Bras, G. J. Phys. Chem., 1996, 100, 8895.
Owrutsky, J. C. and Baronavski, A. P. J. Chem. Phys. 1999, 110, 11206.

Owrutsky, J. C. and Baronavski, A. P. J. Chem. Phys. 1999, 111, 7329.

Kozlowski, R., Fazekas, G. B., Withiam, M. C., Bloomer, K., Sampson, R., Allston, T. D., and
Takacs, G. A. J. Photochem. 1982, 18, 117

Chatgilidoglu, C., Griller, D., Kanabus-Kaminska, J. M. and Lossing, F. P. J. Chem. Soc.
Perkins Trans. 2 1994, 2, 357.

Chatgilidoglu, C., Guerra, M., Pdli, B., and Tradi, P. J. Org. Mass Spectrosc. 1989, 24, 455.
Busch, G.E., Wilson, K.R. J. Chem. Phys. 1972, 56, 3625.

Leving R. D., Berngtein, R.B. Acc. Chem. Res. 1974, 7,393.

North, S. W., Marr, A. J, Furlan, A, Hall, G. E. J. Phys. Chem. A 1997, 101, 9224.

Gilbert, R. G., Smith, S. C., and Jordan, M. J. T. UNIMOL program suite (cal culation of fall-
off curves for unimolecular and recombination reactions) 1993. Available from the authors:
Schoal of Chemistry, Sydney University, NSW 2006, Austrdia or by eectronic mail to

14



gilbert_r@summer.chem.su.oz.au.

20. Good, A. and Thynne, J. C. J. Chem. Soc. Faraday Trans. 1 1967, 63, 2708.

15



Tablel: Observed and Calculated Results for Dissociation Rates and Undissociated
Fraction of Methylsulfonyl for Photodissociation of MSC and M SE.2

MSC MSE
cdculated observed cdculated observed

<BE> 26.9 16.4 kcd/mole

<EE>E.> 20.18 22.9 kca/mole
1/<k> 0.39 0.34 1.04 1.14 ps
%oundiss. 13 <2 53 40 %

& The calculations are based on impulsive energy partitioning in the primary dissociation. Rates
are calculated using E,,, =14.4 kcal/mole and <k>_,. = <k(E)r (E)>.
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Figure Captions

Figure 1. Absorption spectrameasured for methylsulfonyl chloride (dashed line) and methylsulfonyl

ethanol (solid line) a apressure of 1 Torr.

Fgure 2. Photoionization decay curve measured for methylsulfonyl following photodissociation of
methylsulfonyl chloride. The points are the data and the solid line is afit to a Sngle exponentia decay
with atime congtant of 0.34 ps. None of the radica intermediate remains undissociated after 2 ps. The
dashed curveis caculated from amodd assuming impulsve energy partitioning in the parent

dissociation and a gatistical/RRKM decomposition for methylsulfonyl radical as described in the text.

Figure 3. Photoionization decay curve measured for methylsulfonyl following photodissociation of
methylsulfonyl ethanol. The points are the data and the solid line is afit to asingle exponentia decay
with atime congtant of 1.1 psfor the portion (Sixty percent) of the methylsulfonyl radicads that
dissociate within 18 ps. The dashed curve is cdculated from amodd assuming impulsive energy
partitioning in the parent dissociation and a satistica/RRKM decomposition for methylsulfonyl radica

as described in the text.

Figure4. Cdculated methylsulfonyl interna energy distributions following photodissociation of
methylsulfonyl ethanol and methylsulfonyl chloride near 195 nm (solid lines) and calculated

RRKM unimolecular dissociation rates (dashed line).
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